In an adult man the mean femoral anteversion angle measures approximately 15˚, for which the reasons have never been fully elucidated.
It has long been noted by anatomists that the neck of the femur in man is anteverted. 1 This knowledge was demonstrated in the anatomical drawings 2 by Da Vinci in the early 16th century. Various theories have been proposed to account for this, such as the rotational forces which are applied to the neck of the femur during fetal life (hence femoral anteversion), and genetic predisposition, since it has been shown that femoral anteversion varies between the different races. 3, 4 Anteversion is also present in the animal kingdom, and from an anthropological point of view, it is considered to be an example of a type-five analytical trait; that is, one which has no reliable diagnostic value with respect to significant behaviour. 5, 6 Anteversion is defined as the angle by which the femoral neck deviates forwards from the axis of the femoral condyles, projected on to the horizontal plane, and it measures the anterior rotation of the neck of the femur around the shaft. Methods for in vivo measurement include the trochanteric prominence angle test and the Hermann 7 biplanar radiological technique, although today the method of choice is considered to be CT. 8 At birth, the normal anteversion angle is around 30˚, but this reduces to approximately 15˚ in an adult, possibly because of the action of the internal rotators. 9, 10 Certain conditions such as cerebral palsy can lead to an increased angle because of muscle imbalance. 11 Femoral retroversion can also occur as the result of an external rotation contracture of the hip secondary to reduced uterine space. 12 Femoral anteversion is important in total hip replacement (THR), and considerable research has been undertaken in order to establish the optimal orientation for implants. Some surgeons have advocated anteversion of the implant of 10˚ to 15˚ in an attempt to achieve optimal angles for mobility without impingement, whereas Charnley 13 recommended 0˚ in order to enhance the stability of the implant. 14 This paper discusses the evolutionary origins of femoral orientation and proposes a simple model which demonstrates why its existence is a biomechanical advantage in man.
A series of femora from a group of quadrupeds and a further series from a collection of simian skeletons were analysed, and theoretical forces acting on these bones were calculated in order to assess the benefits and disadvantages of different angles. A similar illustrative model was then produced for the human femur.
Materials and Methods
Anatomical assessment. The femora from a number of quadrupeds (zebra, eland, leopard, giant forest hog, sheep, cat, badger, pig and THE JOURNAL OF BONE AND JOINT SURGERY mouse) were examined and placed on a firm board with the anterior surface upwards and both femoral condyles in contact with the board. A photograph was then taken from the superior end pointing straight down the shaft of the femur. The anteversion angle was then measured as shown in Figures 1 and 2 .
The femora from an assortment of apes, monkeys and miscellaneous other primates were similarly examined and measured (Table I) .
The baboon was chosen as the main study animal because of its style of walking, being predominantly quadrupedal, and its habitat, which is divided between woodland and savannah. This is probably similar to the habitat which led to the development of bipedal locomotion in hominids. Biomechanical assessment. Previous studies have shown that the forces acting through the hip during normal activities can be broken down into three components, mediolateral (x), vertical (y), and anteroposterior (AP) (z). [15] [16] [17] The forces experienced in the vertical plane (y) could be up to 2.5 times the mean body-weight (2000 N), with those in the AP direction as high as 300 N.
Two illustrative static mathematical models were constructed representing the forces directed through the femur of an average quadruped when placed in the anatomical position (i.e. flexed forwards from the vertical so that the anteversion angle was now pointed vertically (Fig. 3)) . A femoral neck length of 10 cm was assumed. One model was constructed with the femoral neck in the neutral position, and the other with the neck anteverted at 30˚. A vertical theoretical force of 1000 N was then applied to both models for comparison of the turning moment at the neckshaft interface.
A static model of the human femur was also constructed (Fig. 4 ) in order to illustrate the plane in which anteversion gave the maximum biomechanical advantage by means of reducing turning moments at the neck-shaft interface. A theoretical horizontal force of 300 N, approximately half the mean body-weight, acting in a line perpendicular to the horizontal axis of the femoral condyles (z direction) was then applied to the head of the femur, and the resulting moments calculated at the neck-shaft interface for anteversion angles of 5˚, 10˚, 15˚ and 20˚ (Fig. 4) . For the purposes of this calculation, the femoral neck was also assumed to be 10 cm in length.
Results
The anteversion angles measured in the animals studied varied with a range of 4˚ to 41˚ (Table I ). The mean anteversion in the baboon femur was 18.8˚ (13˚ to 25˚).
In the standing position in a quadruped, the hip is flexed forward from the vertical, and the 'anteverted' femoral neck points in the vertical plane and no longer functions as an anteriorly angled structure. Therefore, when a theoretical vertical force is applied to the head of a femur in flexion, an anteversion angle of 30˚ acts to reduce the turning moment experienced at the neck-shaft interface by 13.4% (Table II) . Figure 4 shows the range in which anteversion reduces the turning moments at the neck-shaft interface in the vertical (human) femur when a horizontal force is applied, compared with a femur with no anteversion. This range is between half the anteversion angle (θ) anterior and the horizontal axis of the femoral condyles (x axis), and between half the anteversion angle lateral and a line perpendicular to this (z axis). The turning moment experienced at the neck-shaft interface decreases as the anteversion angle increases (Table III) .
Discussion
Two major influences are responsible for the development of all skeletal features including femoral anteversion, namely, inheritance and environment.
Darwin's evolutionary theory 18 is widely accepted, and, despite various modifications to his original publication, the overriding principle remains firm. With the discovery of the genetic code, the mechanism by which genes are stored in individual cells and how they give rise to the phenotype of the individual has been explained. 19 There is therefore a blueprint for the final skeletal shape from the moment of conception which has been created over millions of years of natural selection. However, from this point on, environmental factors begin to play an important role. In particular, as Wolff 20 noted in 1892, external forces have an impact on skeletal form: "Every change in the form and function of bones, or of their function alone, is followed by certain definite changes in their internal architecture and equally definite secondary alteration in their external conformation, in accordance with mathematical laws." The underlying process to this concept has now been clarified. Bone can be divided into a series of basic multicellular units, which act either to create or to reabsorb it. Cells within these units are sensitive to strains, and have genetically-determined threshold ranges above or below which they will respond. When the strain on the bone repeatedly exceeds a certain level (minimum effective strain), growth will be stimulated to strengthen it. Likewise, if the strain is repeatedly below a certain level, bone will be reabsorbed, and if it falls within the two levels, then resorption and production are equal. 21 Thus, as well as growing to a genetically-predetermined shape and size, bone will also alter itself to form a shape which is most efficient to withstand the forces which are applied to it (although even this response may be genetically determined).
With the constant pressure to evolve, some of the early physical adaptations of a species, which increased initial survival advantage, may become redundant as the organism progresses. An example of this is the coccyx.
The earliest bipedal hominids identified so far are the Australopithecenes, with the best preserved proximal femoral fossil being the 'Maka' femur, from Australopithecus afarensis, who lived approximately 3.5 million years ago. Unfortunately, the femoral condyles are not preserved and therefore an anteversion angle cannot be measured accurately. However, a detailed comparative anatomical study using other bony features as markers, such as the lesser trochanter, indicates that this femoral neck is orientated in a position similar to that of modern man. 22 Because of the lack of well-preserved fossil material, there is no hard evidence, but the Maka femur supports the view that our first bipedal ancestors also had anteverted femoral necks.
Before this, our lineage points towards a quadrupedal primate, adapted to life in trees, and although earlier ape species have been suggested as the progenitors of man, e.g. Ramapithecus, 5.5 million years ago and Proconsul, 18 million years ago, the missing link has yet to be identified. 23 
Fig. 2
Photograph showing femoral anteversion angles in unrelated mammals. Accepting the current theory of evolution, modern man has retained many of the original traits of his ancestors, but has modified many of them in order to make himself more successful.
This study has shown that the presence of femoral anteversion was present in all the quadrupedal apes examined, and probably throughout most of the quadrupedal mammalian world (Fig. 2) . It therefore seems likely that this feature has persisted throughout our evolution from quadruped to biped. It has not been fully explained why there is this similarity between animals, but the answer must be that it is advantageous for the animal to have bones with this particular morphology. One explanation may lie in the fact that four-legged animals do not stand or mobilise with the femur in the vertical position, but rather with it flexed forwards. This results in rotation of the femoral neck so that it points anterosuperiorly in an approximate angle of 90˚ with the plane of the margins of the acetabulum. This was first described by Le Damany 24 in 1908 who noted that it was only man who differed.
A further study using instrumented hip implants in sheep has shown that during the stance phase, the forces through the head of the femur are transmitted mainly from the anterosuperomedial direction in relation to the shaft of the femur. 15 Simple observation has indicated that ovine femora remain flexed (anteriorly angulated from the vertical) throughout most of the walking phase, which means that in relation to the ground, the direction of the force tends more towards the vertical. As illustrated by Figure 3 , anteversion gives biomechanical advantage to the vertical component of this force by reducing the turning moment experienced in the neck of the femur, and hence reducing stress on the bone. The femoral anteversion angle in the quadruped is equivalent to the neck-shaft angle in man and has the same biomechanical advantages.
This study has provided a simple model which applies a theoretical force acting on the femur in the horizontal plane to different anteversion angles. It has simplified what in reality is an extremely complex dynamic force acting in a three-dimensional (3D) plane. Most significantly, the anteversion angle reduces the turning moment around the neck-shaft intersection of the femur when a horizontal force is applied in the region highlighted in Figure 3 . Although in reality this situation is more complicated since the force has 3D components and is dynamic, the basic principles hold true. The anteversion angle gives biomechanical advantage against the horizontal components of a dynamic force during the time that it falls within the specified area, anteromedial to the femoral head. A comprehensive set of dynamic forces acting on the head of the femur during different daily activities was provided by a study which involved two human subjects with instrumented prosthetic hemiarthroplasty of the hip. 16 As expected, the predominant direction of the force was vertically downwards because of the body-weight. For this component of the force, the neck-shaft angle created a biomechanical advantage by reducing the moment arm to the neck-shaft interface and at the same time allowed the maintenance of neck length. There were, however, considerable horizontal components to the force acting through the head of the femur, which were always from the anteromedial direction during the stance phase. The predominant force during the swing phase was also anteromedial. These directions of the force were also noted even if the magnitude of the force increased such as during running and stair climbing.
A similar more recent study looked at forces acting on instrumented femoral components in four patients who had undergone THR. 17 Again, the largest component of the force measured was found to be acting in the vertical direction, but there was also a considerable component acting in the horizontal plane. During the stance phase, this was almost always from the anteromedial direction, and during routine activities such as stair-walking was measured as being up to 50% of the total body-weight. In this particular study, forces were also measured acting outside the area over which femoral anteversion gave biomechanical advantage, but this was predominantly during the swing phase, and the forces experienced were not of the same magnitude. It could therefore be said that in this study, the mean component of the horizontal force was still coming from the anteromedial direction. This point is further illustrated by the fact that displacement of the femoral head is mainly dorsal in fractures of the femoral neck and slipped capital femoral epiphysis, and that cemented femoral prostheses rotate in the posterior direction over time. 25 It should of course be noted that the anteversion angle is not an isolated entity, but is intrinsically related to the neck-shaft angle, which itself is subject to varus and valgus variations. Anteversion simply represents the anterior component of a 3D neck-shaft angle. It is probable that the 3D neck-shaft angle is orientated to the position which gives most advantage to the resistance of all the various forces acting across the joint while maintaining effective mechanical leverage and allowing a wide range of movement. It is, however, for the horizontal components of the forces acting on the femoral head that human femoral anteversion gives biomechanical advantage, and this becomes increasingly important when these forces are at their greatest.
Somewhat surprisingly, the decrease in turning moment at 15˚ of anteversion compared with 0˚ is only 3.4%, which does not seem very large. However, if this is considered in the long term, the total reduction in stress across the femoral neck is considerable.
The presence of femoral anteversion is well known in the human hip, but it is also a consistent finding in most quadrupedal animals which have a completely different system of transfer of weight. In four-legged animals, the anteversion acts as an effective mechanism for transferring predominantly vertical forces from the pelvis down to the shaft of the anteriorly-flexed femur. In man, this action is performed by the neck-shaft angle.
Nevertheless, human femoral anteversion is not an evolutionary vestige. It is a result of forces acting through the hip during daily activities, and it is biomechanically advantageous during movement by reducing the horizontal turning moments experienced in the neck of the femur. This has clinical importance in hip replacement and in the positioning of implants in order to reduce the strain on the bone surrounding the femoral component and hence limiting the potential for loosening. It also increases the range of movement of the replacement without causing impingement, and therefore enhances stability. 
